a Understanding the complex 3D tumor microenvironment is important in cancer research. This microenvironment can be modelled in vitro by culturing multicellular tumor spheroids (MCTS). Key challenges when using MCTS in applications such as high-throughput drug screening are overcoming imaging and analytical issues encountered during functional and structural investigations. To address these challenges, we use an ultrasonic standing wave (USW) based MCTS culture platform for parallel formation, staining and imaging of 100 whole MCTS. A protein repellent amphiphilic polymer coating enables flexible production of high quality and unanchored MCTS. This enables high-content multimode analysis based on flow cytometry and in situ optical microscopy. We use HepG2 hepatocellular carcinoma, A498 and ACHN renal carcinoma, and LUTC-2 thyroid carcinoma cell lines to demonstrate (i) the importance of the ultrasound-coating combination, (ii) bright field image based automatic characterization of MTCS, (iii) detailed deep tissue confocal imaging of whole MCTS mounted in a refractive index matching solution, and (iv) single cell functional analysis through flow cytometry of single cell suspensions of disintegrated MTCS. The USW MCTS culture platform is customizable and holds great potential for detailed multimode MCTS analysis in a high-content manner.
Introduction
In vivo, tumors grow in a complex 3-dimensional (3D) local environment where cell-cell interactions, the extracellular matrix (ECM) and soluble factors govern cell behavior. 1, 2 This combination of biomechanical and biochemical elements constitutes the tumor microenvironment which is important for cellular development and function. 3 The widely used standard culture techniques are based on growing cells in a suspension or in 2D on flat plastic surfaces. To bridge the gap between in vivo and in vitro in cancer research, numerous 3D cell culturing techniques, combining the advantages of 2D cultures with a 3D physiological context, have seen the light of day in the last couple of years. Many of them aim at producing multicellular tumor spheroids (MCTS) which are 3D cultured aggregates of cells from single or multiple cell types. These MCTS are appreciated for their ability to better represent the tumor microenvironment 4 in terms of molecular diffusion, cell-to-cell and cell-to-ECM signaling, thus providing a heterogeneous tumor model suitable for applications such as drug screening. 5 The techniques to produce MCTS can be divided into either scaffold-based or scaffold-free strategies. In scaffoldbased 3D cultures, cells grow on 3D platforms that mimic the ECM. One example utilizes a liquid two-phase system to form a droplet sphere, of e.g. alginate or collagen, with seeded cells. 6, 7 While these systems have the potential to produce large quantities of uniformly sized MCTS, they suffer from reproducibility issues due to ECM batch-to-batch differences and low cell seeding density which poorly reflects the tumor environment with nutrient and gas gradients during early MCTS culture phases. 8 Scaffold-free MTCS formation approaches rely on cell-tocell adhesive interactions and ECM production by cells during the culture, and can either be passive or active. Passive strategies are generally based on low-adhesion surfaces and gravitational forces such as hanging drop cultures, 9 micropatterned surfaces 10 or protein repellent micro-wells. 11 In contrast to the passive methods, active MCTS formation is based on cell position manipulation. This can be done by e.g. increasing cell collisions while obstructing sedimentation through spinning vessels 12 or utilizing external forces such as magnetic forces 13 or centrifugal forces. 14 Each technique has advantages and disadvantages but in general, most of the strategies require labor-intensive MCTS harvest and/or size sorting before analysis. Also, most MCTS formation methods do not address the key challenge of overcoming MCTS light scattering to obtain single cell metrics through detailed tissue imaging in a high-throughput manner. 15 Another active external force for cell manipulation is the acoustic radiation force which is a gentle and non-invasive force experienced by a particle in an ultrasonic standing wave (USW). 16 The USW is induced in a resonator cavity with a width corresponding to a multiple of half the wavelength 17 and the resulting acoustic radiation forces can be used in many applications such as cell and particle concentration, sorting and trapping. 18, 19 USW trapping is a method where cells or particles are spatially immobilized by the applied acoustic radiation forces and thus a possible avenue for tissue engineering which has been shown for, e.g., HepG2 MCTS 20,21 and neocartilage grafts. 22 In addition to the bulk USW, surface acoustic waves (SAWs) have also been used for 3D cell culture, 23 as well as acoustic streaming-based cell agglomeration in a 24-well plate. 24 Our group has previously developed an ultrasound based multi-well microplate platform for the formation of substrate-anchored quasi-3D tumor models which were used to investigate natural killer cell-tumor dynamics. 25 One of the advantages of this approach compared to other MCST culture techniques is the possibility to use a flat substrate for optimal imaging while still controlling the number, size and position of MCTS. For example, high-quality microscopy requires a sub-200 μm cover glass as a substrate. However, glass, as a growth substrate for adherent cells, may influence the cell behavior. 26 Glass is also rarely used in standard cell culture platforms.
In this study, we present a new method where the multiwell microplate platform is combined with a cell adhesion repellent polymer coating enabling flexible and parallel production, processing and analysis of 100 uniformly sized multicellular full-3D tumor spheroids (MCTS). In contrast to substrate-anchored hemi-spheroids as tumor models, 25 the method produces highly uniform, spherical MCTS which are characterized on-chip by high resolution confocal microscopy imaging in 3D. The widely used and well-characterized HepG2 hepatocellular carcinoma cell line is used for optimizing the driving parameters of the acoustic cell culture and for comparing the appearance of the MCTS with and without the cell adhesion repellent coating. To demonstrate the ability to culture various MCTS types, three additional cell lines are investigated: A498 and ACHN renal carcinoma cell lines and the LUTC-2 thyroid carcinoma cell line. Among these, the A498 renal carcinoma cell line is used to produce MCTS for flow cytometry analysis, which shows retained cell viability in USW induced MCTS compared to A498 cells cultured in 2D.
To demonstrate the imaging possibilities, we present on-chip confocal microscopy of whole antibody stained A498 MCTS mounted in a refractive index matching solution (RIMS). The USW based MCTS culture platform offers opportunities for high-content MCTS studies enabled by on-chip optical characterization. The possibility to form, process and image MCTS in the same microplate offers a seamless experimental workflow with reduced labor need.
Material and method

Cell lines
Four different cell lines were used in the experiments: HepG2 hepatocellular carcinoma, A498 renal carcinoma, ACHN renal carcinoma and LUTC-2 thyroid carcinoma cells. HepG2 cells were cultured in RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, 100 U mL −1 penicillin, 100 μg mL −1 streptomycin and 2 mM L-glutamine.
A498, ACHN and LUTC-2 cells were maintained in RPMI 1640 GlutaMAX™ medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1× MEM Non-Essential Amino Acid Solution (Sigma Aldrich). All cell lines were maintained at 37°C in 5% CO 2 and passaged before they reached confluency.
Ultrasonic multi-well device
The USW based MCTS culture device consists of a siliconglass multi-well microplate (Fig. 1A) and an ultrasonic transducer (Fig. 1B) , as described in previous studies. 27, 28 In short, a 300 μm thick 4 inch silicon wafer is dry etched through with nine 10 × 10 grids of holes, each hole with an area of 350 × 350 μm 2 and with slightly concave walls, before anodically bonded to a 0.175 mm thick glass wafer and diced into nine 22 × 22 mm 2 multi-well microplates. 29 A 2 mm thick PDMS gasket is plasma bonded around the micro-well grid to provide a shared medium reservoir above the micro-wells. A key design feature is the glass bottom thickness of 0.175 mm, corresponding to a No. 1.5 coverslip, which is optimal for inverted high-resolution optical microscopy. The ultrasonic transducer consists of a ring-shaped, 38 mm diameter, piezo ceramic plate (APC 840, American Piezo, USA) with an 8 mm diameter central hole mounted in an aluminum frame and connected to an SMB connector. The multi-well microplate is attached to the piezo ceramic plate using a spring-loaded plastic and aluminum screw clamp. For an efficient ultrasound coupling, a thin layer of immersion oil (Immersol 518 F, Zeiss) is applied between the microplate and the piezo ceramic plate.
Protein repellent coating and coating protocol
To produce unanchored MCTS, a random polyĲMPC-coMPTSSi-co-MPTMSi) coating (Fig. 1A) was used, in which the biocompatible 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer component exhibits strong protein repellent properties. 30 The hydrophobic nature of 3-(methacryloyloxy)-propyl-trisĲtrimethylsilyloxy) silane (MPTSSi), together with the silane coupling capability of 3-methacryloxypropyl trimethoxysilane (MPTMSi) onto SiO 2 substrates, provides a thin coating with long-term stability in aqueous environments. The detailed protocols for copolymer synthesis and characterization are described in an earlier study. 31 In this study, a 0.1 wt% solution of the random copolymer, with molar ratios MPC : MPTSSi : MPTMSi = 54 : 27 : 19, in methanol was used to coat the SiO 2 surface of the silicon walls and the glass bottom in the wells of the microplate. The multi-well microplate was prepared for coating by cleaning for 30 min at 45°C in an ultrasonication bath immersed in 70% ethanol followed by drying in a desiccator for 30 min. For each microplate, 100 μL coating solution was prepared from the 0.1 wt% polymer solution mixed at 90/10 w/w with 0.1 M acetic acid aqueous solution working as a catalyst. To further enhance the substrate-polymer silane coupling reaction, the cleaned and dried microplate was treated with oxygen plasma for 60 s with 50 sccm O 2 and 300 W forward power (PlasmaLab 80+, Oxford Instruments) before the coating solution was applied and left at room temperature for 2 hours. The excess solution was then aspirated and the multi-well microplate was dried in a desiccator for 1 hour and in an oven at 70°C for 1 hour. Before using the coated multi-well microplate for ultrasonic 3D culture, it was rinsed and submerged in MilliQ water to let the hydrophilic MPC polymer disentangle and face outwards for efficient protein repulsion. Before reusing the chip for a new ultrasonic 3D culture, the coated multi-well microplates were cleaned in 70% ethanol for 20 minutes and rinsed in MilliQ water.
Temperature regulation
To control the surrounding environment and regulate the temperature around 36.4°C, the USW based MCTS culture device is placed in an in-house built PID controlled liquidbased temperature control system combined with a commercial table top incubator (GalaxyMini, LabRum) (Fig. 1C) . The PID controller (KT4, Panasonic) receives temperature feedback from a type T thermocouple probe placed on the multiwell microplate and regulates the temperature control system accordingly. The control system has an accuracy of ±0.5°C, therefore, the temperature set point was 36.4°C to avoid overshooting above 37°C.
Inside the incubator, the multi-well microplate transducer setup is placed on a copper water block connected to the temperature control system. The system was designed to robustly regulate the transducer temperature around a desired set point independently of the applied AC actuation voltage across the piezo ceramic element which is desirable since the heating effect generated by the transducer drifts slightly over time without temperature control.
Coating characterization by X-ray photoelectron spectroscopy and ellipsometry
The surface elemental compositions of the coated surfaces were confirmed by X-ray photoelectron spectroscopy (XPS) (JPS-9010, JEOL Inc.) with a 60°incline (target: Al). Charge corrections were applied for better comparisons. The thickness of the polymer coating was measured with an optical ellipsometer (J.A. Woollam Co.) using a He/Ne laser with an incident angle of 70°. Five different samples were prepared to obtain the average values.
Influence of polymer coating on ultrasonic radiation forces
The influence of the thin polymer coating on the ultrasonic radiation forces was investigated by tracking 10 μm green fluorescent polystyrene beads, seeded into the micro-wells with a regular pipette, in movies recorded during the initial ultrasonic radiation force focusing in both uncoated and coated multi-well microplates. Videos (25 fps) of the initial trapping of 10 μm fluorescent polystyrene beads were acquired while the transducer was actuated with 15 V pp and Fig. 1 Coating, assembly and seeding of the USW device. The silicon multi-well microplate is etched with 100 micro-wells (350 μm × 350 μm, 300 μm deep), bonded to a glass plate and coated with a protein repellent copolymer coating (A) before being mounted onto the transducer (B) by clamping it with a frame. The ultrasonic tissue engineering platform is kept at constant temperature during actuation by an inhouse built liquid-based temperature control system coupled to a commercial incubator (C). To produce MCTS, a single cell suspension is seeded into the multi-well microplate with a standard pipette and ultrasonic radiation forces trap cells into all 100 micro-well centers. MCTS are then formed when incubated during continuous ultrasonic actuation for 24 hours (D).
2.46 ± 0.5 MHz at 1 kHz frequency modulation. This was repeated twice before and after the coating was applied in 18 micro-wells in three different multi-well microplates. The fluorescent bead trajectories were captured in the Fiji plug-in TrackMate 32 by first identifying all the beads in all the frames and then automatically connecting the trajectories with some manual correction for bead speed calculations.
Ultrasonic MCTS culture
Adherent tumor cells were treated with 0.25% Trypsin-EDTA solution (Sigma Aldrich), collected and re-suspended at 300 000 cells per mL for MCTS used in imaging experiments or 500 000 cells per mL for the FACS experiment to increase the number of events collected during analysis. To produce MCTS, 100 μL of cell suspension was seeded with a regular pipette into the medium reservoir above the micro-wells (Fig. 1D) . Gravity settled the cells at the bottom of the microwells and a couple of medium exchanges performed with a pipette ensured that no cells rested on the silicon walls above the micro-wells. A cover glass was placed on top of the PDMS gasket to minimize medium evaporation and preserve sterile conditions. The multi-well microplate was then clamped onto the transducer and placed on the cooling block inside the incubator before being connected to a function generator (DS345, Stanford Research Systems) and amplifier (75A250A, Amplifier Research). To optimize the initial cell aggregation procedure at the start of each experiment, a frequency modulation (FM) scheme was applied where the central frequency is stepped every 3 s from 2.4 MHz to 2.5 MHz in 10 kHz intervals with a 50 kHz span at a rate of 1 kHz. The procedure was iterated 20 times before the optimal FM scheme was set (2.47 MHz center frequency, 100 kHz span and 1 kHz rate). This automatic startup procedure does not require any visual access or other manual alignment procedure. 33 While monitoring the microplate temperature, the amplitude was slowly increased from 20 V pp to 30 V pp to avoid heating the cells beyond 37°C and allow for the cooling system to compensate for the increased heating. The cells were incubated with 5% CO 2 at 36.4°C with the PID controller set to 36.4°C for 24 hours. After 24 hours of USW trapping, the microplate was transferred to a passive culture inside a standard incubator for another 24 hours.
Passive 3D culture in 2% agarose micro-wells
As a reference, a passive MCTS culture method based on lowadhesion agarose micro-wells was used in the live/dead flow cytometry assay. Molten 2% agarose (Sigma Aldrich) solution was poured onto the MCTS micro-mold (#12-256-Small, MicroTissues, Inc.) to obtain agarose hydrogels with 256 round-bottom micro-wells (well diameter = 400 μm). Agarose micro-well molds were transferred into a 24-well plate (Sigma Aldrich) and equilibrated in complete culture medium for 1 hour, with two medium exchanges before cell seeding. A498 renal cell carcinoma cells were re-suspended at 500 000 cells per mL and seeded in the agarose gel molds (0.2 mL per gel).
Cells were allowed to settle in the micro-wells for 15 min before 2 mL of complete medium was added. The cell culture was maintained at 37°C, 5% CO 2 for 48 hours before the 2% agarose-induced MCTS were harvested for further analysis.
Live/dead flow cytometry assays Healthcare) was applied as the mounting medium. The RIMS reduces light scattering in the MCTS by matching the refractive index of the sample to the oil-immersion objective (n = 1.46). The Iohexol RIMS was diluted in PBS to 10%, 25%, 50% and 75% (vol/vol) and exchanged in steps before immersing the MCTS in 100% RIMS to avoid excessive fluid exchange in the MCTS which would cause spatial deformation. 34 The sequential addition of RIMS with different vol/vol percentages also prevented the MCTS to escape the microwells up to the shared medium reservoir due to the density difference between the MCTS and RIMS.
Microscopy
Bright field images of the spheroids and movies of the fluorescent bead trapping were acquired with an inverted fluorescence and bright field microscope (Axiovert 40 CFL, Zeiss Germany) equipped with a DSLR camera (Sony α77, Sony, Japan) and a low magnification objective (EC Plan-Neofluar 2.5×/0.075, Zeiss, Germany). Optically sectioned images were acquired with a confocal light-scanning microscope (LSM 880, Zeiss, Germany) with an oil-immersion objective (PlanApochromat 63×/1.40 Oil DIC M27, Zeiss, Germany).
Results
Protein repellent copolymer coating
The protein repellent polymer coating (schematically shown in Fig. 1A ) applied on the SiO 2 surface of the silicon was successfully characterized by X-ray photoelectron spectroscopy (XPS) and ellipsometry. The polymer coating thickness, measured by ellipsometry on five different samples, was 21.7 ± 5.1 nm (mean ± sd). XPS showed a clear difference in multiwell microplate surface chemistry composition before and after polymer coating was applied (Fig. 2 ). Significant C(1s), N(1s) and P(2p) peaks of the elements in the polymer coating were visible at expected energies only for the coated samples.
To investigate the possibility to reuse the coated microplate several times before recoating, XPS measurements were also performed before and after cleaning of a polymer coated microplate. For comparison, a coated microplate was cleaned for 10 min in an ultrasonic bath submerged in 70% ethanol, followed by 1 hour of ethanol incubation, and no difference in XPS data could be seen (ESI, † Fig. S1 ). No autofluorescence from the copolymer coating was detected during confocal imaging and the coating was stable enough to allow for multiple MCTS cultures before new coating was needed.
Ultrasonic trapping performance with coating
Since polymers are non-optimal in resonant acoustic systems, we investigated whether the protein repellent copolymer coating layer influenced the ultrasonic radiation force trapping performance indirectly by measuring the maximum speed of polystyrene beads after seeding the beads according to the procedure shown in Fig. 1d . In total, 6354 beads were detected (Fig. 3A I ) and their trajectories (Fig. 3A II) were analyzed (3127 trajectories in the un-coated microplate and 3227 trajectories in the coated microplate) and the maximum bead speed distributions for the two cases overlapped closely (Fig. 2B ) with a median maximum bead speed of 214 μm s −1 in the coated microplate compared to 220 μm s −1 in the un-coated microplate. The two maximum speed distributions show no statistically significant difference determined by pairwise Mann-Whitney U test. Thus, coating did not affect trapping efficiency.
MCTS formation and characterization
To investigate the flexibility of the MCTS platform in terms of cell line choice, we cultured MCTS from four different adherent cell line suspensions (Fig. 4) . The hepatocellular carcinoma cell line HepG2 readily formed both anchored and un- Fig. 2 Polymer coating successfully covers the multi-well microplate. Plots show elemental surface composition on the multi-well microplate, measured by X-ray photoelectron spectroscopy (XPS), before (grey line) and after (orange line) applying the protein repellent polymer coating. Charge corrections were applied for better comparison. 
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anchored MCTS after 48 hours (24 h with ultrasound followed by 24 h without ultrasound) in an uncoated and a coated microplate, respectively, while renal carcinoma cell lines A498 and ACHN did not form a stable anchored MCTS in the uncoated microplate. When using the A498 cell line in the uncoated microplate, the ultrasonic radiation forces, using the same actuation scheme as in the coated microplate, were too weak to prevent cell migration. The thyroid carcinoma LUTC-2 cell line and the ACHN cell line showed initial anchored MCTS formation after 24 hours of USW trapping but after subsequent passive culture (no USW) for 24 hours the cells migrated out over the glass bottom and over time formed a 2D layer (Fig. 4) . The quality of the 3D culture directly after 24 h of ultrasonication (cf. first panel in Fig. 4) can be improved by increasing the actuation voltage over the ultrasound transducer (data not shown), but this did not prevent the cell spreading at the bottom after the ultrasound was turned off (cf. second panel in Fig. 4) . The results clearly motivate the use of the combined USW + coating culture method for all tested cell types except for HepG2 (Table 1) .
Since HepG2 was the only cell line among the four tested cell lines that was able to efficiently grow in 3D without the use of the protein repellent coating (cf. Fig. 4) , it is of interest to further investigate the importance of the ultrasound 3D culture method when using a coating for this cell line. For these reasons, HepG2 cells were cultured in the multi-well microplate with and without the protein repellent coating and with and without USW trapping (Fig. 5) . When HepG2 cells are cultured for 48 hours in the multiwell microplate without coating and without ultrasonic manipulation they grow like a 2D monolayer (Fig. 5A ) while 3D hemispherical (ESI, † Fig. S2A ) structures are formed during USW trapping for 24 hours followed by passive culture for 24 hours in an uncoated microplate (Fig. 5B) . When introducing the protein repellent polymer coating, HepG2 cells cultured without USW trapping for 48 hours exhibit numerous small spontaneously formed 3D structures (Fig. 5C ). On the other hand, HepG2 cells cultured in a coated multi-well microplate for 24 hours with continuous ultrasonic actuation followed by 24 hours of passive culture form unattached (ESI, † Fig.  S2B) 3D MCTS (Fig. 5D ) resting at the micro-well bottom.
Image analysis based MCTS characterization
The size, shape and number of MCTS were investigated from a series of experiments according to the examples shown in Fig. 5 . For this, we analyzed the MCTS by using an automatic characterization method based on bright field images. The more concentrated MCTS size distribution and smaller median area (Fig. 6A ) in the coated microplate indicate a more uniform and compact MCTS formation (mean ± sd = 9250 ± 3370 μm 2 ) in the coated microplate compared to the uncoated microplate (12 400 ± 5560 μm 2 ). This is also supported by lower light transmission through the MCTS (ESI, † Fig. S3 ) in the coated microplate (63.5 ± 5.2%) compared to the uncoated microplate (77.7 ± 12.7%) (Fig. 6B) . The wide distribution and extreme outliers in the area distribution for MCTS cultured in the coated microplate without any ultrasonic trapping (5350 ± 6940 μm 2 ) should be noted, which underscores the need for USW trapping to produce MCTS of uniform shape with a high degree of reproducibility. (Fig. 3B) ), USW +Coating (24 hours active culture + 24 hours passive culture in a coated microplate (Fig. 3D) ) and Passive+Coating (24 hours of passive culture in a coated microplate (Fig. 3C) ). The box indicates the 25th and 75th percentiles with a red line marking the median. Whiskers shows the furthest observation that is less than 1.5 times the interquartile range away from the box edge and outliers are marked with a black dot. The horizontal red lines and stars indicate the overall significance of the three sets of data in each plot determined by the Kruskal-Wallis test (****; p < 0.0001). The horizontal black lines and stars indicate the pairwise significance between sets of data determined by the Mann-Whitney U test.
Minor differences can be seen in terms of the number of aggregates and single cells per well between active cultures using coated and uncoated microplates ( Fig. 6C and D) , while the passive culture in the coated microplate exhibited multiple aggregates (5.1 ± 2.0 cell aggregates per well) and single cells (5.3 ± 5.6 single cells per well) distributed in the microwells. This suggests that HepG2 cells can spontaneously form MCTS without any USW trapping on a non-adherent surface, but in an uncontrolled manner resulting in inconsistent sizes and numbers of MCTS.
Flow cytometry analysis of A498 MCTS
To investigate cell viability in the MCTS formed by USWs and compare it to MCTS formed in the agarose wells and cells cultured in 2D, MCTS were disintegrated into singe cell suspensions and analyzed by flow cytometry. The fraction of live cells was determined in A498 MCTS cultured for 48 hours in the active USW MCTS culture platform (Fig. 7A) , in passive 2% agarose round bottom micro-wells (Fig. 7B ) or in grown in 2D (Fig. 7C) . From 6 independent experiments, we could not find any statistically significant difference in the fractions of living (Fig. 7D ) and dead cells (Fig. 7E ) between the three cases, which indicates that the active culture conditions do not induce cell death when cells are exposed to USWs for 24 hours and cells in the center of the MCTS do not die due to a lack of nutrients as has been described for larger spheroids. 15 
On-chip confocal whole MCTS imaging
To highlight the potential for on-chip high-content imaging of whole MCTS, we stained A498 MCTS with antibodies against integrin beta-1 and the nuclei with DAPI before mounting the MCTS in an Iohexol RIMS solution. This enabled whole MCTS confocal imaging by removing light scattering interfaces so that optical sections could be captured throughout the whole MCTS volume (ESI, † Fig. S4 ). Confocal z-stacks acquired from A498 MCTS cultured for 24 hours, 48 hours and 96 hours show that the staining protocol worked and an even staining of beta-1 integrin could be detected throughout the volume (Fig. 8) .
Qualitatively, one can see that the cell density and the spatial organization of integrin expression change in MCTS cultures fixed after 24 hours compared to 48 hours and 96 hours. We also used the DAPI-based imaging method for A498 MCTS and counted manually the number of nuclei in seven different spheroids, resulting in 208 ± 36 cells per MCTS. Since we used the same seeding procedure for all cell cultures, a similar number is expected in the experiments with the other cell lines. 
Discussion and conclusion
We have demonstrated an ultrasonic standing wave (USW) based multicellular tumor spheroid (MCTS) platform where unanchored MCTS can be formed by USWs and a protein repellent polymer coating in a multi-well microplate. In contrast to previous ultrasound-based techniques, this method is compatible with any tested adherent cell type. This allows for both on-and off-chip characterization methods of various cancer relevant MCTS with emphasis on on-chip optical characterization.
The protein repellent copolymer coating, originally developed for long-term suppression of non-specific protein adsorption on PDMS surfaces, 31 was applied to the silicon/glass multi-well microplate. Complete inhibition of cell adhesion and XPS and ellipsometry measurements showed that the coating was evenly distributed across the surface of the microwell (Fig. 2) . The coating also further protects cells by minimizing bare silicon exposure which can affect cell viability during long term experiments. 35 The strong bonding of the copolymers to the micro-well surface resulted in a durable coating which allowed for multiple experiment repetitions before recoating was needed. This study in combination with a separate FRET study, where the copolymer coating was used in a glass chip, 36 suggests that this copolymer coating could be beneficial where a thin and durable anti-fouling coating is needed for long-term experiments.
Since polymers are in general avoided in bulk acoustic wave resonant systems due to the sub-optimal acoustic properties, it was of interest to investigate whether the USW trapping performance would decrease when introducing the copolymer coating. 17 When trying to assess the USW trapping reduction through particle tracking, it was found that the copolymer coating did not interfere with the ultrasonic radiation forces. This could be explained by the thin coating thickness (21.7 ± 5.1 nm) compared to the ultrasound wavelength (∼1 mm). The acoustic intensity transmission coefficient equation through two boundaries 37 is reduced to the equation describing the intensity transmission coefficient with only one boundary when the middle layer is very thin compared to the wavelength and thus the coating can be considered acoustically transparent. Therefore, the micro-well walls could be described as purely silicon, which was confirmed by our bead velocity measurements. Not only is the protein repellent polymer coating important for reducing substrate-cell interactions, it also improves the 3D model quality and enables un-anchored MCTS formation. To confirm this, an in-house automatic MCTS characterization script was used to investigate differences between anchored and unanchored HepG2 MCTS (Fig. 6) . We note that the unanchored MCTS exhibited a more compact and consistent result after 24 hours active + 24 hours passive culture. However, we have previously shown that longer USW incubation times (over 48 hours) also yield a high percentage of anchored HepG2 MCTS with a hemispherical shape. 25 Since the automatic MCTS characterization script is based on bright field transmission microscopy images, dynamic events at a spheroid level, such as growth or MCTS defragmentation, can be captured with high temporal resolution on living MCTS without any fluorescent staining or other treatment which opens up for high-throughput drug screening applications. Also, the possibility to grow cells in a 2D monolayer by introducing neither coating nor USW into the multi-well microplate allows for control cultures. The HepG2 cell line is commonly used to demonstrate MCTS formation in various techniques due to its fast aggregation time and possible applications in drug screening investigating hepatotoxicity and drug metabolism. 10, 11, 20 However, in order to demonstrate the coating importance for MCTS formation we also used the renal carcinoma cell line A498 derived from transformed kidney tissue, the renal carcinoma cell line ACHN derived from a metastatic site (pleural effusion) and the lowpassage cell line LUTC-2 that has been established from resected thyroid carcinomas (Fig. 4) . These three cell lines differ in terms of origin, metastatic site and number of passages, and are therefore a suitable choice for testing the applicability and robustness of our 3D culture method. Among all tested cell lines, we made a more detailed characterization of A498 ( Fig. 7 and 8 ) not only due to its relevance as a model for solid renal cell carcinoma, with applications in e.g. immunotherapy research, 38, 39 but also to demonstrate that we are able to form spheroids with a highly motile and substrate-interacting cell line that does not form spheroids when using the ultrasound method only (cf. Fig. 4 ). To complement automatic characterization at the spheroid level, protocols for single cell analysis by flow cytometry were developed. To demonstrate the protocol, live/dead flow assays of A498 renal cell carcinoma cultured in parallel in 2D, ultrasonic 3D and passive 2% agarose 3D were performed and no statistically significant difference was observed. Usually, large MCTS with diameters over 450-500 μm show necrotic cores; so the retained viability in the MCTS indicates the absence of a necrotic core, which can be explained by the comparably small MCTS diameter around 100 μm. 15 This further supports earlier studies reporting retained viability of cells trapped through USWs. 40, 41 While flow cytometry can provide detailed analysis at the single cell level, the spatial and structural information is lost. The main obstacle for acquiring structural information from the whole MCTS is the internal light scattering which prevents deep tissue imaging. Therefore, an Iohexol based refractive index matching solution (RIMS) protocol was developed where all 100 MCTS were treated simultaneously while being retained in the micro-wells. The RIMS protocol is diffusion-based and therefore slower than syringe-pump-based devices designed for rapid MCTS interstitial fluid exchange. 34 But since a standard pipette was the only tool needed for fluid manipulation in the platform, a lower technical threshold and a great reduction in required labor were achieved. This relatively fast RIMS technique was shown to be compatible with immunofluorescent staining (Fig. 8) and thus paves the way for whole MCTS imaging without the need for MCTS harvest and slicing to get structural and functional information. While only monoculture MCTS were used in this study, multiple cell lines could easily be introduced for more complex co-culture tumor models. One major advantage with using USWs to produce MCTS is the modularity in which ordered and haphazard tissue structures can be created. We believe that layered MCTS of multiple cell lines can be cultured by sequential cell seeding of the different cell lines. This could open up new possibilities for tumor models of higher complexity or modelling healthy tissue for various uses such as organ-on-a-chip applications where a higher degree of ordered structures is needed.
Altogether, we have presented a MCTS culture platform that can be tailored to meet many of the requirements of cancer researchers: high MCTS formation yield, automatic analysis, low technical threshold and the possibility to perform the whole experiment in a single plate.
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